This work combines core-flood experiments with X-ray l-computed tomography (l-CT) to investigate the swelling of clay minerals and its impact on permeability of unconsolidated porous media. Both swelling (montmorillonite) and non-swelling (kaolinite) clay were added as coatings on soda lime beads and quartz grains. Clay content varied from 1.4 to 5.5 wt.% in the montmorillonite-coated samples and from 2.0 to 6.8 wt.% in the kaolinite-coated samples. Permeability changes were monitored as a function of time using pure water. Visualization of coated bead and grains columns by l-CT provided quantitative information on morphological changes of clay grains/coatings among dry and water-saturated samples. All clay-coated samples showed a 10-40% decrease in permeability as compared to uncoated samples. In general, permeability decreases with increasing clay content. A 39% volume increase of montmorillonite particles was observed by l-CT immediately after the sample was saturated with water, i.e. swelling occurred almost instantaneously after water-clay contact. In contrast, kaolinite particles had a 15% volume increase, which was primarily attributed to the hydration of clay pellets by water. The calculated porosity reduction associated with clay swelling ranged from 0.4% to 1.7% including both montmorillonite-and kaolinite-coated samples. This decrease in porosity was estimated to cause only a 2-5% reduction in permeability, primarily due to the high initial porosity and permeability of the selected samples. This study presents a baseline to estimate changes in permeability as a result of clay swelling for samples with variable clay content, grain size, and porosity.
Introduction
Formation damage is the reduction or loss of permeability of a petroleum reservoir. Reservoir rocks are susceptible to two distinct types of permeability damage [29] . One type is due to the presence of swelling clays/mobilized clay particles in water-saturated rocks and is called water-sensitive damage. Another type of damage occurs due to particular production operations, and is independent of mineralogy and texture of the rocks. It is important to recognize water-sensitive reservoir rocks to estimate if water-sensitive damage is severe enough to justify the application of expensive correction measures on an economic basis. Water-sensitive formation damage is a function of the type of clay minerals, clay mineral distribution within the pore space and fluid composition. All clay-water interactions such as clay swelling and fine migration occur at the pore-scale.
While numerous research efforts in investigation of permeability of clay-containing sandstones have been conducted since the 1930's, there are no reported studies combining three-dimensional (3D) pore-scale quantification of clay-water interaction with permeability measurements. This study utilizes 3D quantification of clay swelling by X-ray micro-computed tomography (l-CT) to elucidate the effect of clay swelling on the permeability of porous media. The results from this work can be used for further development of l-CT methods to measure porosity reduction in clay-rich sandstones, and provide recommendations for better estimation of formation damage in water-sensitive rocks.
Simplified analog samples were prepared with soda lime beads and quartz grains. Various amounts of swelling and non-swelling clays were used to coat soda lime beads and quartz grains, so as to perform permeability experiments to see swelling effects on different samples with different clay content and grain size. The specific research objectives for this study are as follows: (1) comparative purpose; (2) monitor how permeability changes with time, grain size, clay content and type of clay mineral; (3) visualize clay-grain mixtures before and after saturation by l-CT to obtain information on morphological changes of clay grains/coatings and quantify the degree of volume change and swelling; and finally, (4) model porosity-permeability relationships to understand the extent of permeability reduction due to swelling in natural samples with different porosities.
Background

Properties and behavior of clay minerals
Clay minerals are very small particles, which belong to the group of hydrous aluminum silicates [16, 18] and have maximum particle dimension less than 0.005 mm [32, 18, 44] . Kaolinite, smectite and illite are the three main groups of clay minerals [26, 27, 32, 18] . Montmorillonite represents 25% of all clays in claycemented sandstones, and they are important in sandstones due to the reservoir quality issue [50, 43] . In this work, two types of clay minerals with different structures are considered: montmorillonite (smectite group) and kaolinite (kaolinite group). Kaolinite has a 1:1 layer structure, and a small base exchange capacity (3.3 meq/100 g for kaolinite). It is non-swelling clay but can easily disperse and migrate [46] . In contrast, montmorillonite has a 2:1 layer structure, a large base exchange capacity (90-150 meq/100 g) and will readily adsorb Na + and other cations, all leading to a high degree of swelling and dispersion. Interlayer cations are variably hydrated, resulting in the swelling characteristic of smectitic clay minerals [55] .
Research on the effect of clays on sandstone permeability has been conducted for more than 50 years, but still the presence of clay minerals in reservoir rocks presents a challenge for petroleum production. In a recent publication Greenwell et al. [25] stated that water-based drilling fluids are more commonly used because water is more environmentally friendly. However, water causes clay hydration and swelling and, therefore, decreases in permeability. Baptis and Sweeney [7] used petroleum reservoir sands to measure air and water permeability, focusing on the type and the amount of clay. They showed that sands containing kaolinite, illite and mixed layer clay (illite-montmorillonite) were the most sensitive to water, while the sands with small amounts of kaolinite and illite were the least sensitive. According to the summary of Bishop [9] , one of the formation damage mechanisms is a decreasing permeability near wellbore because of smectite swelling or kaolinite de-flocculation when these clay minerals contact with waterbased fluids [18] . Amaefule et al. [4] also noticed that both poorly consolidated and tight formations which have plenty of pore-filling clays, vulnerable to water-based fluids, such as kaolinite, montmorillonite, chlorite, illite and mixed layer clays, are noticeably delicate to formation damage. Dodd et al. [20] showed that non-swelling clays also interact with water, but this interaction was less than for the swelling clays. Land and Baptist [41] demonstrated that if the reservoir sands contained trace or more amounts of montmorillonite, water-sensitive damage was due to dispersion and fine migration: as water abundance increased, swelled clay plates were pulled apart and disintegrated. Overall, under favorable colloidal conditions, non-swelling clays, such as kaolinite and illite, can be released from the pore surface and then these particles migrate with the fluid flowing through porous formation. In contrast, swelling clays, such as smectite and mixed-layer clays, first expand under favorable ionic conditions, and then disintegrate and migrate.
One of the factors that also control the degree of formation damage is spatial clay distribution within the pore-structure, which for natural sandstones related to the clay origin. Both swelling and non-swelling clays can be detrital or authigenic. Detrital, or allogenic clays originate as a dispersed matrix of sand-sized clay pellets and clasts [2, 21, 18] . Authigenic clays occur as loosely attached grain coatings, pore linings, pore fillings, pseudomorphous replacements, and fracture fillings, and have a major control on reservoir quality [54, 31] . Authigenic clays have more impact on formation damage because of their direct vulnerability to pore fluids than detrital clays which is tightly packed in the rock matrix [18] . Montmorillonite found in sandstones has both detrital and authigenic origin [43, 2] and appears like pore linings [54, 31] . Authigenic kaolinite is the most common clay mineral in sandstone reservoirs [42] , and mostly forms pore-filling flakes [54, 31] .
Besides the type and spatial distribution of clay minerals, the fluid composition is another important variable that influences the degree of formation damage. Usually, the reduction of permeability occurs when injected water is less saline than formation water. Changes in the chemistry of the aqueous medium would change the amount of swelling and the type and amount of exchangeable cations present between montmorillonite layers [56] . Since the presence of salt in the water retards clay swelling [45] , in this work, distilled water was used without added salts to maximize clay swelling and to assess its maximum influence on sample permeability.
Models of permeability-porosity relationships
Early studies showed that the characteristics of the sediment, such as grain size, shape, roundness, and mineralogy, have effect on its permeability [39] . The models to estimate the permeability from porosity and other rock properties have been classified into three groups: based on pore dimensions, grain and surface area. The first porosity-permeability relationship was derived by Kozeny [38] and further developed by Carman [13, 14] . Their hydraulic tubes model was derived based on the analogy between the flow of fluids through the preferential flow paths in porous media and the parallel flow through a bundle of tortuous capillary tubes [18] . This relationship was expressed as follows:
where k is the absolute permeability, s is tortuosity, R g is the specific grain surface, / is the porosity. Later, Krumbein and Monk [39] developed an analytical relationship between permeability and the grain size and shape of the unconsolidated sand. Most of the empirical porosity-permeability models showed linear relationships. For example, Beard and Weyl [8] performed flooding experiments with unconsolidated sand packs, and observed that the average permeability values decrease with decreasing grain size and poorer sorting in a linear fashion. Fraser [22] stated that more spherical grains occupied less pore space, and as grain angularity increased, porosity was expected to increase. While the decrease in permeability due to the presence of clay has been observed in numerous publications [23, 10, 28] , the porosity-permeability relationships for mixed materials, i.e. sand + clay, are significantly less developed that those for pure sands and clays [35] . Some empirical formulas show permeability evolution where the porosity is usually in semi-logarithm or power form, however many of these formulas were obtained for the samples with very high clay content (>40%) [40] , while linear relationship was observed for lower kaolinite content [10] . Bourbie et al. [11] found a power-law correlation of permeability with respect to porosity (k = $/ n ) and suggested n = 3 for high porosity samples. Herron [28] suggested the empirical formula, which takes into account mineral composition of sandstone:
where M i is the weight fraction of each mineral component, B i constant for each mineral, A f is a function of feldspar content. He found that for clay-rich samples porosity-permeability relationship are linear only in high porosity samples ($>15% porosity), and are not linear in low-porosity samples. To summarize, although many porosity-permeability equations has been derived empirically, but all of them are very sample-specific, and no universal theoretical porosity-permeability relationship exists as a function of clay content.
Detection methods of clay swelling
Quantification of clay swelling was traditionally obtained by a bulk volume method (measuring volume increase upon aqueous hydration of a small quantity of clay powder), X-ray diffraction (XRD), scanning electron microscopy (SEM), dye staining and differential thermal analysis [29] . In the past XRD diffraction was the most common method for quantitative analysis of clay minerals in sandstones [30] . The amount of swelling was monitored by the changes of interlayer spacing (basal (0 0 1) d-spacing) of the silicate layers in clay minerals at increasing relative humidity and/or electrolyte concentrations [5] . More recently, the ''wet-cell'' technique has been used to monitor in situ smectite hydration by XRD [48] . The Fourier transform infrared (FTIR) spectroscopy [49] and small angle neutron scattering (SANS) [52] have been also used to measure degree of swelling at molecular levels. Of the above methods, only SEM allows visualization of clay swelling. However, X-ray micro-computed tomography (l-CT) can be a method of choice to monitor clay swelling in porous media.
l-CT has been accepted as a routine core analysis tool in many areas of earth sciences, in particular in the petroleum industry for single and multi-phase flow [3] from macro scale (0.25-0.30 mm) to micro scale (5-10 lm). Iscan et al. [33] stated the importance of the distribution of the porosity and permeability along the core samples. They used the l-CT data to control simulation results they developed for the water-based drilling fluid injection. They concluded the reduction for both porosity and the permeability was because of the bridging and pore throat plugging due to fine clay particles.
Most of the research on clay swelling visualization by l-CT was conducted for the waste disposal applications where clay minerals are used as compacted clay liners at waste disposal sites. A number of studies have been performed with bentonite (consisting mostly of montmorillonite) and bentonite/sand mixtures. Kawaragi et al. [36] used the bentonite core and a mixture of 10 wt.% Wyoming bentonite powder with 90 wt.% quartz sand (particle size 0.2-0.8 mm). Core sample scanning results showed three areas with different brightness from lowest to highest after permeation with distilled water: fractures, bentonite-water complex, and bentonite, respectively. They found that the difference between the before and after water permeation were distinguishable in the images.
The most recent papers utilizing l-CT for clay swelling research were focused on the pore size distribution in compacted bentonite-sand mixture [51] and silt and clay mixtures [12] . How fast the clay swells depends on the nature of the sample and accessibility of a clay mineral to water. Tomioka et al. [53] used a computer code to obtain the size and shape of montmorillonite grain before and after water saturation from l-CT. They concluded that the outer montmorillonite sheet of the grains swelled and produced a gel, while the inner part of the grains did not change significantly.
One interesting work was by Geet et al. [24] used l-CT to visualize and quantify hydration of the mixture of the 50% calcium beidellite (smectite group) and 50% kaolinite. They found progressive decrease of the density of the pellets and volume increase in about 50% of the clay pellets upon hydration after at least 2 weeks. In spite of the abundant record of research on swelling of clay minerals and its impact on permeability the interrelationship of grain size, sorting, clay type and clay abundance affecting permeability changes remains under explored. Therefore, the purpose of this work is to perform permeability experiments in unconsolidated samples with variable clay content, and to correlate porosity changes caused by clay swelling to permeability reduction via pore-level l-CT imaging.
Materials and methods
Materials
In this study, a synthetic porous medium was used. It was compositionally similar to natural sandstone but allowed control of the type and percentage of clay minerals in the sample. These synthetic samples consisted of pure or clay-coated grains: (1) MO-SCI Ó soda lime beads 0.707-0.841 mm, (SiO 2 -65-75%, Al 2 O 3 -0-5%, CaO -6-15%, MgO -1-5%, Na 2 O -10-20%, Fe 2 O 3 -<0.8%) and (2) Potters's Industries, Inc. P-series soda lime beads 0.210-0.297 mm, (B 042611) (3) UNIMIN Specialty minerals INC, IOTA Ò high purity quartz crystals 0.105-0.210 mm IOTA STD, SiO 2 . Two different types of clay minerals were used as coatings on beads and quartz grains: montmorillonite (swelling clay) and kaolinite (non-swelling clay). Montmorillonite is a well-characterized powder from Clay Mineral Society (CMS-SAz-1). Kaolinite (KGa-2) is from Country of Warren, State of Georgia, USA. Since salt solutions retard swelling, pure water was chosen as a working fluid to maximize swelling effect. The water was boiled to evaporate the dissolved gases inside, and then cooled to prevent air bubbles in pore space after water saturation. The clay coating procedure was modified from Jerez et al. [34] . The clays were attached to the silica surface via a polymer bridging using 80 mg/L solution of polyvinyl alcohol (PVA) to produce stable coatings on mineral grains. The batch coating experiments began with mixing 4 g of clay and 100 ml distilled water for several minutes. Then, the 0.02 g of PVA was added into the mixture and stirred with a perforated Teflon stirrer for about 30 min. After that, the beads or quartz grains were poured into the polymer-clay mixture, and mixed for several minutes at pH = 5. The clay-to-sand ratio was 1:5 weight/ weight. The drying step took two days. During the first 24 h, the sample was dried at 80°C, and then washed with distilled water. Then, this step was repeated at the same temperature for another 24 h. After the second drying, the sample consisted of both coated samples and clay pellets. There was no attempt to separate pellets from the grains. Fig. 1 shows the images of soda lime beads after coating procedure with montmorillonite. The clay content was measured from the weight difference before and after the coating procedure.
The coated beads were poured into a chemical-resistant Tygon sleeve (1.27 cm ID). The lengths of the samples varied from 6.2 to 6.9 cm. The characteristics of the prepared samples are shown in Table 1 .
For each sample, the packed mass of the beads or grains and the length of the sample were recorded, and then these values were used to calculate the volume of the minerals and the bulk volume. The bulk volume was calculated from the length of the sample with the known inside diameter of the sleeve. The densities of the materials helped to calculate the material volume with the recorded mass information of the samples. The density of the soda lime glass bead is 2.53 g/cm 3 , the quartz grain density is 2.65 g/ cm 3 , the average montmorillonite density is 2.35 g/cm 3 , kaolinite density is 2.60 g/cm 3 . The glass bead density and the quartz grain density were directly used to calculate the volume of the material volume for the uncoated samples. However, the clay percentage of the clay by mass was used to calculate the total density of the sample. For easier comparison and to reduce the packing effect, every effort has been made to make the length and mass of all samples similar. Porosity was calculated with the following formulas:
where the average density of the sample, q av , was calculated as follows:
The research was first designed with 0.707-0.841 mm soda lime beads, so most of the core-flooding experiments were performed with those beads. Four pure bead samples were prepared to see packing effect on permeability.
Coreflood experiments
The core holder was specifically designed for this study to conduct low-pressure (1 atm) reactive transport experiments. The core holder design is shown in Fig. 2 . It consisted of X-ray transparent polycarbonate material. Packed sample (1.27 cm diameter, 6.35 cm length) was fixed inside the holder by two poly carbonate end-plugs with flow distributors placed at both ends to ensure an even and straight flow distribution throughout the sample. Each end plug had two flow ports, but only one flow port was used. Metal screens with 0.2 mm size opening were placed between end-plugs and sample to prevent beads movement out of the Tygon sleeve into the flow line. The last step was pressing the polycarbonate caps to fix the sample in place in the holder.
The experimental setup consisted of a reservoir tank, a core holder, and a fluid collector, and it was similar to that used by Celauro et al. [15] . The core holder was placed horizontally in all experiments. The reservoir tank was designed to maintain a constant fluid level to preserve a constant pressure head. The core flooding procedure consisted of four main steps (Fig. 3) . In the first step, vacuum was applied to the dry sample to reach 200-250 lm pressure. The second step was to saturate sample with water. The water was slowly injected from the bottom of the sample to prevent air bubbles in the sample. As soon as sample was completely saturated with water, the vacuum pump was closed. The start of experiment, time ''0'', was counted from the water saturation step to observe the swelling effect with time. The third step was maintaining the water flow at the same pressure head for 4 h. After 4 h, as the last step, the different heights permeability measurements were conducted. The reservoir tank mounted on a platform can be translated vertically at different heights to create different pressure heads between reactor inlet and outlet, and in return different flow rates. Five different heights were generally used for each sample. The pressure difference across the core holder and tubing was calculated by measuring the height difference between the inlet fluid height and the outlet height using Eq. (6),
where q is the density of the fluid, g the gravitational force, and Dh the difference of the height between inlet and outlet. The flow rate through the column was monitored by reading a water volume in graduated cylinder per unit of time. Therefore, time-resolved permeability k(t) (darcy) can be calculated using Darcy's Law equation: there is a linear relationship between the Darcian velocity (cm/s) and pressure head (atm). From the slope of this linear fit, absolute permeability was calculated from,
where slope, m, is in Darcy/(cP cm), the viscosity, l, is in cP, the absolute permeability is in Darcy, and the length is in cm. The interception of this linear fit also gave the pressure lost for friction of each particular sample. This friction was used to correct permeability values obtained for each sample during the third step. The time related permeability ratio was calculated from the corrected absolute permeability of the sample over the average permeability of the pure (uncoated) sample.
X-ray computed tomography imaging
In order to characterize the clay distribution and clay swelling, X-ray l-CT imaging technique was applied. An industrial HD-600 scanner was set at 180 kV and 110 mA. The system operated in volume mode where many (around 350) slices were collected in one rotation. After each rotation, the sample was translated axially to a new scanning position, thus allowing a continuous three-dimensional coverage of the sample [37] . Every scan was performed in 11-12 rotations and it took 130 min to cover the whole sample length. Scanning were performed at the following stages ( Fig. 3): (1) dry sample under vacuum conditions; (2) water-saturated sample, several minutes after water-clay contact, and (3) after 4 h of water flowing through the sample. Around 4000 images for each sample were collected with voxel resolution of 0.014 mm Â 0.014 mm Â 0.015 mm.
The scanning was performed for both montmorillonite and kaolinite coated samples. The montmorillonite sample had 3.2% clay and 41.2% porosity, whereas the kaolinite sample had 9.8% clay and 40.8% porosity. The center of the images had higher quality than the edges due to imaging artifacts. Therefore, the region of interest was cropped to the center of the sample and all calculations were done using cropped samples. For each sample, 3D clay pellets were selected for dimensional analysis at different stages of saturation to determine the degree of swelling. Images were processed with ImageJ, MATLAB, and AvizoFire 7.1 programs. Approximately each pellet consisted of 16 slices, and each slice has a thickness of 0.015 mm.
Results and discussions
Clay coatings
The montmorillonite content was between 1.4% and 3.2% in bead samples and 2.0-5.5% in quartz samples (Table 1) . Kaolinite composition in the beads ranged from 2.0% to 6.8%. Kaolinite coated samples were prepared with the same coating procedure, but the clay content was more than montmorillonite samples. Similar to Jerez et al. [34] , the amount of kaolinite coating was almost 1.5 times larger than the amount of montmorillonite coating for the same optimal conditions. This ratio is slightly higher for our coating experiments. The clay content for kaolinite was between 4.5% and 6.8% for 0.707-0.841 mm soda lime bead samples. The 2.0% kaolinite coated sample was prepared with the mixture of the pure and 4.5% kaolinite-coated bead. Clays were observed not only as coatings on mineral grains (Fig. 1 ) but also as clay pellets. In this study, ''coatings'' is used as a cumulative term that includes both of these morphological forms. The coatings could not be observed by X-ray l-CT due to insufficient resolution; however clay pellets were used to monitor clay swelling process by l-CT imaging. The known clay contents for natural clean sandstones are between 3% and 6% and up to 20% for shale rocks, according to Neasham [47] . Therefore, clay content in the synthetic samples was in a similar range of the natural clean sandstones.
Porosity
The porosity values for the synthetic samples are shown in Table 1 . The average porosity for pure bead packs (0.707-0.841 mm size) was 38.4 ± 1.0% (number of measurement repetitions, n = 4). The relatively small porosity error in replicate samples indicates consistency in packing procedure. Porosity in montmorillonite-coated beads (0.707-0.841 mm size, various montmorillonite content) was 37.7 ± 0.6% (n = 5). We can conclude that, within experimental error, the presence of montmorillonite did not reduce sample porosity. The porosity in kaolinite-coated samples was 37.2 ± 1.2% (n = 3). While statistically the difference in porosity between kaolinite-coated and pure samples was insignificant, the trend in porosity reduction with the increase of kaolinite concentrations was observed.
The porosities of quartz packs (0.105-0.210 mm) were significantly higher than porosities with beads of similar sizes (0.210-0.297 mm): 40.9-41.5% and 35.6-36.2% for quartz and beads, respectively. We can attribute such difference to the more irregular shape of quartz grains, and therefore more loose packing.
The 3D l-CT images of bead and quartz packs are shown in Fig. 4 . Avizo Fire 7.1 was used to apply simple thresholding as a segmentation method and to estimate sample porosity. A 500x500x500voxel (7.0 Â 7.0 Â 7.5 mm 3 ) subvolume was used for volumetric calculations. The porosity of bead pack estimated from the images was 37.6%, which is in agreement with the calculated values.
Permeability
Permeability experiments were conducted to investigate how permeability changes with time, clay content, type of clay mineral, and grain size of porous media. Permeability measurements with time were made for two pure and four coated samples: 1.4%, and 2.5% montmorillonite, 2.0% and 6.8% kaolinite, all 0.707-0.841 mm beads. Permeability was periodically measured, every $10 min within the first 1 h and then, at greater time intervals. These permeability values for all the bead samples were obtained at the same pressure head. The height difference, Dh, between the fluid inlet and the outlet was equal to 10 cm, which corresponds to a 0.01 atm pressure head. The flow rate was 1-2 ml/ min and was measured with a graduated collector. Using flow rate, the Darcian velocity was calculated in cm/s. At the end of experiments ($240 min), multiple data points were collected at variable pressure head. From those measurements, absolute permeabilities were calculated using the slope of the linear fit between the Darcian velocity, q, and pressure head, P (Fig. 5) .
The slopes of the different samples are close to each other, but the slope of the pure beads was the highest and the slope of the montmorillonite-coated beads was lowest (Fig. 5) . Below we discuss how permeability changed with clay content, type of clay mineral and grain size and shape.
Clay content
In general, when the clay content in 0.707-0.841 mm beads increased, the permeability ratio, k/k o , decreased (Fig. 6) . The permeability ratio was 0.99, 0.94, and 0.76 respectively at the end of 4 h.
The permeabilities for the 0.707-0.841 mm montmorillonitecoated samples were 17.76 ± 1.37, 17.37 ± 0.63, 13.85 ± 0.53 Darcy, respectively. The pure bead sample and the 1.4% montmorillonite-coated permeabilities were similar within the error. The reason for this oscillation can be explained by smaller, loose clay particles moving inside the sample. The permeability of the 2.5% montmorillonite-coated sample was $23% lower than that for 1.4% sample (Fig. 6 ). Although such difference in permeabilities was revealed, porosities for 1.4% and 2.5% montmorillonite samples were very similar, 37.43% and 37.87%, respectively.
The samples with 2.0% and 6.8% kaolinite were used in permeability experiments. When the core flooding experiment was made with 6.8% kaolinite-coated sample, the flow rate stopped sometimes, which suggests that fines migration and plugging of the sample occurred during the flow. The flow rate for 2% kaolinite was more stable than for the higher clay content sample. The high clay content caused more permeability variations during 4 h flowing (Fig. 7) , and the permeability ratio was 16% lower for 6.8% kaolinite coated bead sample compared to the pure bead sample. In contrast, the presence of 2.0% kaolinite did not decrease permeability as compared to the pure one. At the end of 240 min, the permeability ratio was 0.96, and 0.85 for 2.0% and 6.8% kaolinite-coated samples respectively. Permeabilities, calculated from the different pressure head measurement at the end of experiment, were 17.23 ± 0.39, and 14.55 ± 0.43 Darcy for the 2.0% and 6.8% kaolinite coated samples, respectively. Such differences in permeabilities can be attributed to the lower porosity of the 6.8% kaolinite sample compared to the 2.0% kaolinite sample, / = 36.0% and 38.3%, respectively. On the other hand, the partly stopped flow rate observed in the 6.8% kaolinite sample may suggest increased fines migration due to high clay content (Fig. 7) . 
Type of clay mineral
Based on the differences in structures and the ability to interact with water between swelling and non-swelling clays, we expected montmorillonite-coated samples to show a more noticeable reduction in permeability than the kaolinite-coated sample with similar clay content. The 2.0% kaolinite coated sample was prepared to compare the kaolinite-coated sample with the montmorillonitecoated sample with the similar clay content, 1.94%. The porosities of these samples were also similar: 38.32% for kaolinite, 38.68% for montmorillonite sample. Our experiments revealed that permeability ratios were very close (Fig. 8) . The periodic single pressure head permeability measurements were taken for 80 min for montmorillonite sample. The final permeability ratio was 0.96 for kaolinite and 1.01 for montmorillonite. The different pressure head permeability measurements were 17.23 and 17.99 Darcy for the kaolinite and montmorillonite sample, respectively. However, the kaolinite sample showed less variation in permeability with time, while more variability in permeability values was observed for montmorillonite in the first 30 min, which was attributed to montmorillonite swelling.
The clay swelling did not significantly change the permeability of the samples prepared with 0.707-0.841 mm size beads because the pore sizes are relatively large compared to the swelling effect. Therefore, the second set of experiments was performed with smaller grain size bead (0.210-0.297 mm) and smaller quartz grains (0.105-0.210 mm) with only montmorillonite in the attempt to observe swelling effect in smaller pores.
Grain size and shape
The 0.210-0.297 mm soda lime beads and 0.105-0.210 mm quartz grains were used to prepare one pure sample and one montmorillonite coated samples. The 0.210-0.297 mm soda lime beads were coated with 2.3% montmorillonite, while 0.105-0.210 mm quartz grains were coated with 2.0% montmorillonite. In general, no trend of decrease in permeability with the decrease of grain size was observed for the beads. For example, for beads with the similar clay content, but different grain size (2.5%, 0.707-0.841 mm and 2.3%, 0.210-0.297 mm), the permeability ratio was lower for larger beads, which was not expected. The lowest permeability ratio ($0.6, Fig. 9 ) was observed for the 0.105-0.210 mm quartz grains. The different pressure head measurements showed permeabilities of 12.04 Darcy for 0.210-0.297 mm coated beads and 5.74 Darcy for coated-quartz grains, while their porosities were 35.5% for beads, and 41.4% for quartz grains. Therefore, such significant decrease in permeability can be attributed to the irregular shape of quartz grains rather than to grain sizes. However, more replicate permeability measurements are needed to confirm this suggestion.
Image analysis of clay swelling
The l-CT images were used to observe and quantify clay swelling. The difference between the dry and the wet clay pellet could be observed in the collected images, while the 4-h scan did not show much difference compared to the water saturated scan (Fig. 10) .
The fact, that no increase in montmorillonite size took place after 4 h of flow, indicates that swelling occurred very fast: as soon the clay and water were in contact with each other, and the l-CT scan was finished (within 120 min). This result is in agreement with the core flooding experiments, which did not reveal any significant permeability reduction during 4-h flowing. The end scan also indicates that the clay particles were not moving with flow and preserved their shape (Fig. 10D) .
A similar increase of clay size after water saturation was observed for other clay pellets (Fig. 11 ). This set of images was used to calculate the areas of the clay pellets. All slices that contained a given clay pellet were selected, and the area of the particle for each slices were measured to obtain the volume of the pellet in dry and water-saturated conditions. This process was repeated several times for seven independent pellets. The swelling coefficient was calculated as the ratio of the pellet volumes in dry and water-saturated scans, and was found to have an average value of 0.72 with a standard deviation of 0.09.
The similar procedure was used to estimate swelling coefficient in the kaolinite samples. Kaolinite pellets also showed an increase in volume after water saturation (Fig. 12) . The swelling coefficient, calculated for the kaolinite sample, was 0.87 with a standard deviation of 0.0. In total, five kaolinite pellets were measured. The reason for the increase in volume of the kaolinite pellet may be the hydration of the clay, and because of the dilution, the clay gel can be formed, similarly to one observed by Tomioka et al. [53] . Such a volume increase of kaolinite also supports the observation of Dodd et al. [20] that non-swelling clays also react with water, but less than for the swelling type of clays.
Modeling the permeability ratio after swelling
To understand how much of the permeability decrease can be attributed solely to swelling, a swelling coefficient was used to calculate the changes in porosity between dry and water saturated samples due to swelling. The isothermal swelling coefficient was defined for clay swelling reaction by Collins [19] : where V o and V are the volume of clay before and after swelling, respectively. In this work, the swelling coefficient was calculated from the dry and water saturated l-CT images as described in Section 4.4. Then, the swelling coefficient was used to calculate the clay volume after swelling, V swell , according to the following formula:
where V clay is the volume of the clay, estimated form the mass of the clay in the sample (dry volume). Initial (dry) porosity, / o , and therefore dry pore volume, V pore , were known for each sample. The decrease in pore volume (V swell À V clay ) due to clay swelling, gives wet porosity, / wet , i.e. porosity after water saturation and corresponding clay swelling:
The next step was to model the porosity-permeability relationship to quantify how porosity decrease due to clay swelling affects the permeability. Herron [28] , who studied clay-rich sandstones, found a cubic relationship between porosity and permeability and described these relationships as follows:
This equation was modified to find the relationship between porosity and permeability ratios. The exponential term and A f coefficient reflect variations in mineral composition. In our case, we have samples with the same composition (sand + clay) and only consider changes in porosity before and after swelling. Therefore, if k o is assigned as the initial permeability and k as permeability after swelling, and the k/k o ratio is taken, the mineral-related terms in the right-side of the Eq. (12) will be reduced. This allows derivation of the simplified equation from Eq. (12):
where k o and / o are the initial permeability and the porosity, while k and / are the final permeability and porosity after swelling. Using Eq. (13) (referred to here as Herron's model), we modeled a porosity-permeability reduction due to swelling in unconsolidated media. The k/k o permeability ratio was calculated for each sample. Modeling results showed negligible permeability decrease for the synthetic samples due to the swelling: k/k o = 0.94-0.98. These results suggest that calculated permeability reduction due to swelling is only 2-5% in montmorillonite-coated samples (Table 2) . For montmorillonite-coated samples, the experimental and calculated permeability ratios were similar to each other for most of the 0.707-0.841 mm samples. However, the 0.105-0.210 mm quartz grain samples revealed the biggest discrepancies between experimental and calculated k/k o values, 0.66 and 0.96, respectively. The reason for this may be the irregular shapes of the grains, which may cause smaller pores inside the sample, so the experimental Fig. 10 (B-D) . permeability ratio obtained was less than the calculated permeability ratios.
For kaolinite-coated samples the swelling coefficient, 0.87, was used to calculate the porosity after swelling. The sample with low kaolinite content (2.0%) showed good agreement between experimental and model results. However, a kaolinite sample with higher clay content (6.8%) revealed had a smaller experimental permeability ratio (or larger decrease in permeability) than the calculated k/k o ratios, which can be explained by plugging of pore throats during the flooding experiments. Overall, calculated and experimental permeability ratios were close for samples with large grains (0.707-0.841), but calculated ratios were overestimated for samples with smaller grain size (0.105-0.210) and large kaolinite content (6.8%).
In addition to the synthetic samples, the Herron's model was applied to the consolidated natural samples reported in Neasham [47] to estimate the effect of porosity and clay content on permeability decrease. Here several assumptions were used. First, the clay percentage of the samples reported by Neasham [47] was assumed to have weight percentage units. Second, it was assumed that samples consisted only of montmorillonite and quartz, and their densities were used to calculate the volume of the material and the pore space. It is important to note that by assuming that all clays in the samples were montmorillonite, one might overestimate swelling effect because non-swelling clays can be also present in the samples. The mass of each sample was assumed to be 100 g. Average swelling coefficient (0.724), derived from the l-CT data for synthetic samples, was used to calculate the volume of clay after swelling. The results showed that for samples with lower porosity, formation damage, i.e. permeability reduction, due to clay swelling becomes more significant. Also, the amount of clay is another factor that affects the permeability reduction because of the clay swelling. The modeling results are given in Table 3 . Fig. 13 shows generalized changes in permeability as a function of both porosity and clay content. The ranges in porosity values 0.0845-0.42 and the clay content (2-20%) were used to create a matrix of data using the linspace function in MATLAB. Those ranges were based on the combined experimental data from this study and from Neasham [47] . As Fig. 13 indicates, clay content is more crucial in permeability reduction at low porosity, while at higher porosity (>0.3) the presence of clays is not as significant. This mapping supports the experimental observation that the percent of permeability reduction was small for all bead samples containing montmorillonite, i.e. the presence of clay didn't significantly affect the sample permeabilities.
To address the discrepancies obtained from Herron's model between experimental and modeled k/k o ratios for the 6.8% kaolinite sample where clay migration was observed, we used a modified equation from Adin [1] , who studied filter capacity as a function of clay deposition. Adin [1] defined hydraulic conductivity, K, which incorporated the Darcy and Kozeny-Carman relationship for water flow through porous medium. This parameter represents the physical environment in the media in spite of flow rate and pressure.
where K and K o are hydraulic conductivity at any time and for a clean bed respectively; r is a specific deposit and F is theoretical filter capacity. Later, Arshad [6] generalized Adin [1] equation, and Civan [17] applied that equation for cake filtration and showed that the decrease of cake porosity by deposition of small particles can be expressed as follows: 
where / o is the porosity of the cake without small particle deposition and compaction. The empirical parameters a and n were 1 and ½ according to Adin [1] . Further, Civan [18] showed that the empirical equation for porosity-permeability relationship proposed by Adin [1] can be modified as follows:
where e, is the porosity difference between the wet and dry porosity (e = / o À / wet ), k o and / o are the initial permeability and the porosity, while k and / are the final permeability and porosity after swelling. Using Eq. (16) (Adin's model) we investigated porosity reduction due to the presence of clays in unconsolidated media. The experimental and calculated permeability ratios showed better agreement with each other for the quartz grain samples than for the bead samples. The relationship between percentage of permeability decrease, clay content, and porosity using Adin's model is shown in Fig. 14 . The decrease in permeability (>30% even for samples with high porosity and low clay content) is much more dramatic than that observed in Fig. 13 , which utilizes a simpler power relationship (n = 3) (Herron's model). Overall, Adin's model may be used to describe permeability reduction in samples with high kaolinite content, which will contribute to permeability reduction due to fines migration during saturated water flow. In contrast, for montmorillonite-rich samples with larger grain size Herron's equation can be utilized.
Conclusions
The purpose of this research was to perform permeability experiments in unconsolidated samples with variable clay content, and to correlate porosity changes caused by clay swelling to permeability reduction via pore-level l-CT imaging. This work showed that (1) the primary parameters that control the extent of formation damage by clay are matrix grain size and clay content; (2) the visualization of swelling by computed tomography was a useful tool to predict permeability reduction using a swelling coefficient obtained from l-CT, and (3) existing empirical models are able to estimate changes in permeability due to clay swelling in natural samples using the swelling coefficient obtained in this work.
In particular, it was found that:
1. Clay-coated samples in general had lower permeability than uncoated samples. Clay-coated samples showed a 10-40% decrease in permeability compared to non-clay samples. 2. High kaolinite content caused larger permeability reduction, while low kaolinite content did not affect permeability. A large drop in permeability was observed for the 6.8% kaolinite-coated sample after 240 min from the start of experiment. During the experiments, there was occasionally flow interruption explained by fine migration and plugging of the filter at the end of the sample. In contrast, 2.0% kaolinite-coated beads revealed permeability similar to the uncoated bead packs. 3. No significant changes in permeability were observed for montmorillonite-coated samples with time, after initial swelling damage. The flow tests showed the clay swelling occurred almost instantaneously after water-clay contact. These results are in agreement with l-CT images, which showed no difference in montmorillonite volume between the water-saturated scan and the 4-h scan. 4. Kaolinite pellets in water-saturated samples showed less volume increase compared to montmorillonite pellets, according to X-ray computed tomography. Based on l-CT images, the clay swelling coefficient, V/V o , was 0.86 for kaolinite and 0.72 for montmorillonite. The 16% increase of volume of kaolinite pellet is likely due to hydration, while the higher swelling coefficient for montmorillonite samples (39% increase of volume) shows evidence of clay swelling. 5. The effect of swelling clays on permeability reduction depends on the matrix grain size. In high porosity/permeable samples, such as those tested in these experiments, the reduction in porosity due to clay swelling is insufficient to cause a meaningful reduction of permeability. Experimental results show a more significant permeability reduction in samples with smaller quartz grains (0.105-0.210 mm size) compared to the larger 0.707-0.841 mm soda lime beads. This experimental result was confirmed by modeling of permeability-porosity relationships for natural samples. As pore space decreases, the effect of clay swelling on permeability reduction becomes more profound. The modeled natural rock samples' data confirmed the assumption that smaller porosity and higher clay content are favorable to more severe problems of formation damage due to clay swelling. Overall, this study confirmed that fine migration is a primary reason for permeability reduction in high amount of kaolinitecoated (non-swelling clay) samples. Growth of swelling clays such as montmorillonite was found to have a minimal impact on permeability in samples with high porosity (36-40%). Our model extension to lower porosity samples with higher clay content showed that swelling would contribute significantly to permeability reduction.
